A BSTRACT : Twenty-one days of restraint stress has been shown to affect hippocampal plasticity, neurogenesis, and spatial memory. Hippocampal glucocorticoid receptors (GR) and mineralocorticoid receptors (MR) are the main mediators of stress response and learning/memory processes. We studied the performance of male and female rats on a hippocampal-dependent spatial task after 21 days of restraint in relation to the stress-induced changes of GR and MR status in their hippocampi. Reduced GR immunostaining was detected in the dentate gyrus and CA1 area of stressed male rats. Stressed male rats performed worse than the male control rats on the Morris water maze. In contrast, unaltered (in the dentate gyrus) or increased (in CA1) GR immunoreactivity was seen in the hippocampus of stressed female rats. Stressed female rats had an improved memory score in the task compared with the female control rats. In addition, stressed female rats showed increased MR immunostaining in the CA3 area, which is known to be severely affected by stress. The observed sexually dimorphic effects of 21-day restraint in spatial learning and memory may be associated with the sex-dependent changes in hippocampal corticosteroid receptor status after stress.
INTRODUCTION
The hippocampus is an important target of circulating corticosteroids. Chronic restraint stress has been shown to cause dendritic atrophy in CA3 neurons of male rats 1, 2 and reorganization of synapses. 3, 4 Impaired performance on the Morris water maze 3 or on a radial arm maze 5 has been reported for male rats after 21 days of restraint. Female rats did not show significant atrophy of CA3 neurons after stress 1 and recover quicker than male rats from deficits in Y-maze performance after chronic restraint. 6 Hippocampal glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs) are critically involved in spatial learning and memory function. 7 Both receptors' levels change in the rat hippocampus after a variety of stressors; [8] [9] [10] these changes are stressor and gender dependent. 11, 12 In this study, we examined the relationship between the stress-induced alterations in hippocampal GR and MR status and those in spatial performance after the same stressor.
MATERIALS AND METHODS
Adult Wistar rats of both sexes were put into glass-ventilated restrainers 6 h daily for 21 days. On day 22, animals were killed ( n = 5) for immunohistochemical detection of corticosteroid receptors in their brains or were trained in the water maze task ( n = 15) and killed on day 23 immediately after the maze test, together with age-and sex-matched control rats. Immunohistochemical detection of GR and MR in the hippocampus was conducted in 6-µ m sagittal sections of paraformaldehyde-fixed/ paraffin embedded brains by using the standard streptavidin-biotin peroxidase method. The mouse monoclonal anti-GR antibody 2F8 13 was used at a concentration of 250 µ g/mL and the goat polyclonal anti-MR antibody (N-17) at a 1:200 dilution. Immunoreactivity (IR) was visualized by DAB staining. Nuclear GR or MR IR in each hippocampal area was graded as "low," "moderate," or "intense," and the number of positive nuclei per category was expressed as the percentage of total nuclei in the field.
Spatial performance was assessed using the Morris water maze test. The 1-day learning session included eight 90-s trials per rat, during which the latency to locate a submerged platform was recorded. Memory test on the next day consisted of a single 60-s trial in the absence of platform. The time spent in the imaginary target and the opposite quadrants was measured. Student t -test and one-way ANOVA were used for statistics. The P value was set at 0.05.
RESULTS
Twenty-one days of restraint altered corticosteroid receptors levels in a genderand region-specific manner. Although stress did not significantly change the total percentage of GR IR and MR IR nuclei, it significantly altered the percentage of moderately and intensely stained nuclei. In the dentate gyrus, GR IR was significantly decreased ( P = 0.005) in the stressed male rats compared with the control rats (F IG . 1A) but was not affected in the female rats. After stress, GR IR in CA1 was decreased in the male rats ( P = 0.002) and increased in the female rats ( P = 0.042) compared with the control rats of the same sex (F IG . 1B). MR IR in CA3 was significantly increased ( P < 0.001) after stress in female rats (F IG . 1C), but a trend to increase in the male stressed group did not reach significance.
The stress paradigm used significantly affected learning and memory parameters in the Morris water maze task in a gender-dependent manner. Male rats were affected more than female rats, showing retardation in learning the task and reduced concentration during memory retrieval. Stressed male rats had significantly higher escape latency scores during training in trials 3 and 4 compared with control male rats ( P < FIGURE 1. Effects of 21-day restraint stress on GR (A, B) and MR (C) immunoreactivity in the hippocampus. Bars represent the mean ± SD of the percentage of moderate and intensely stained nuclei. DG, dentate gyrus; Ctr, control; Str, stressed. * Statistically significant compared with control animals of the same sex (Student t-test, P < 0.05).
0.001 for trial 3 and P = 0.004 for trial 4), control female rats ( P < 0.001 for trial 3 and P = 0.021 for trial 4), and stressed female rats ( P < 0.001 for trial 3 and P = 0.049 for trial 4) (F IG . 2A). In trials 7 and 8, stressed male rats showed significant delay in finding the platform compared with control male rats ( P = 0.019 for trial 7 and P = 0.049 for trial 8). In the memory retrieval test (F IG . 2B), stressed male rats spent more time in the irrelevant (i.e., opposite) quadrant compared with male control rats ( P = 0.027); this diminished the target-to-opposite difference in this group. In contrast, the target-to-opposite difference was increased after stress in the female rats ( P = 0.01).
DISCUSSION
Our goal was to search for possible stress-induced alterations in hippocampal corticosteroid receptors and to study whether these changes affect the animals' performance in a hippocampus-dependent memory task. The stress paradigm significantly affected GR and MR IR in various hippocampal subregions in a sexually dimorphic manner. Twent-one days of restraint decreased GR IR in CA1 and in the dentate gyrus of male, but not female, rats. This is in agreement with previous studies at the mRNA level. 8, [10] [11] [12] 14 In contrast to male rats, GR IR in the hippocampus of stressed female rats was increased or not changed compared with female control rats. Chronic stress affects CA3 pyramidal neurons in male rats more severely than in the female rats. 1,2 On the other hand, MR activation in hippocampal neurons promotes neuroprotection, whereas GR activation in the same neurons induces apoptosis. 15 Our results on the stress-induced increase of MR IR in CA3 area of female rats could offer a molecular explanation for the less severe morphologic changes seen in the female CA3 dendrites after 21 days of restraint stress.
GRs in the hippocampus are main mediators of the negative feedback, and MRs are implicated in the tonic inhibition of hypothalamic-pituitary-adrenal axis at stress. Accordingly, our results showing increased GRs and MRs in the female hippocampus after 21-day restraint suggest that female rats are more efficient than male rats in terminating this stress response.
Twenty-one days of restraint stress impaired spatial performance of male, but not female, rats. This is in agreement with previous studies using male rats 2,3,5 and a recent study using female rats in a different task, 6 supporting the hypothesis that male rats might be more vulnerable than female rats to stress-induced deficits in hippocampus-dependent spatial tasks.
Our data support the existence of an etiologic link between the observed changes in receptors' levels and the spatial performance after stress. The participation of both receptors in spatial learning and memory has been well documented. 7 Accordingly, the reduced GR levels seen in CA1 and in the dentate gyrus of stressed male rats may be responsible for their impaired performance on learning and memory tasks. Consequently, the unaltered (in dentate gyrus) or increased (in CA1) levels of GRs in the hippocampus of female rats after stress may reflect the unaffected or improved performance of these subjects on the task assayed. Furthermore, the increased MR levels in CA3 neurons of stressed females rats, apart from conferring neuroprotection, may also participate in the maintenance and or enhancement of spatial performance by modifying the neurotransmitter milieu in this area.
